Identity specification
Introduction
While much of the incredible evolutionary success of the phylum Arthropoda can be attributed to the diversity of appendages characterizing this group, arthropods are descended from an ancestor that had morphologically homonomous appendages that functioned as legs (Prpic and Damen, 2008; Snodgrass, 1935) . Fossil evidence suggests that the deuterocerebral appendage pair was the first to evolve distinct morphology (Boxshall, 2004; Legg et al., 2012) , and that this morphology was antenniform (Yang et al., 2013) . In extant arthropods, this appendage pair is represented by the chelicerae of Chelicerata, the first antennae of Crustacea, and the antennae of Myriapoda and Hexapoda. Much effort has been given to elucidating the developmental mechanism that specifies antennal identity, because understanding this would lend insight into how morphologically diverse serial appendage homologs evolved in Arthropoda.
The first insights into antennal identity specification were gleaned through studies of mutants in Drosophila melanogaster that exhibit transformations of the antenna to leg. Four transcription factors have been identified as operating early in this developmental cascade. The TALE class homeobox transcription factor-coding genes extradenticle (exd) and homothorax (hth) are co-expressed throughout the antennal disc during the 1st and early 2nd larval instars (Emmons et al., 2007) , and function as a heterodimer (Abu-Shaar and Mann, 1998; Abu-Shaar et al., 1999; Kurant et al., 1998; Pai et al., 1998; Rieckhof et al., 1997) . Hypomorphic or null mutants of either gene result in a transformation of the entire antenna to leg Mann, 1998, 2001; Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995) . Distal-less (Dll), which also codes for a homeobox transcription factor, is expressed in the developing distal antenna and hypomorphic alleles of this gene result in a transformation of the distal antenna to leg (Dong et al., 2000; Sunkel and Whittle, 1987) . In contrast to hth or exd mutants, the proximal antennal regions of Dll mutants retain antennal identity. Lastly, like Dll mutations, hypomorphic and null mutations of the bHLH-PAS transcription factor-coding gene spineless (ss) also cause transformations of the distal antenna to leg, but do not affect the identity of proximal regions (Struhl, 1982b; Duncan et al., 1998) .
Studies of these Drosophila mutations laid the foundation for a model of antennal identity specification (Casares and Mann, 2001; Dong et al., 2000 Dong et al., , 2001 Dong et al., , 2002 Duncan et al., 1998) . In this model, exd/hth and Dll promote antennal identity by both activation and repression of downstream appendage patterning genes. In the antennal imaginal disc, exd/hth and Dll block leg disc expression patterns of the appendage patterning gene dachshund (Dong et al., 2001 (Dong et al., , 2002 . Co-expression of exd/hth and Dll activates ss expression in the developing distal antenna (Dong et al., 2002; Duncan et al., 1998) . Therefore, loss-of-function mutations in exd, hth, or Dll cause transformations of the distal antenna to leg by reducing ss expression. exd and hth also specify identity of the proximal two antennal segments, but this is not modulated through ss. Finally, Hox genes are not expressed in the antennal segment, but they are expressed in the imaginal discs of other ventral appendages, where they block antenna-specific expression and functions of hth/exd, Dll, and ss (Casares and Mann, 1998; Duncan et al., 2010; Emmons et al., 2007; Struhl, 1982a) . For example, while the expression domains of hth/exd and Dll overlap extensively in the antennal disc, their overlap is minimal in the leg discs (Abu-Shaar and Mann, 1998; Rauskolb, 2001 ).
The Drosophila model of antennal identity specification became the basis for models of the evolutionary origin of a differentiated deutocerebral appendage (Casares and Mann, 2001; Duncan et al., 1998) , even though the extent of conservation of this developmental process across arthropods was unknown at the time. Sufficient data are now available to test the generality of two aspects of the Drosophila model. First, in all arthropod species investigated, Hox genes are not expressed in the deuterocerebral segment (Hughes and Kaufman, 2002; Jager et al., 2006; Janssen and Damen, 2006; Manuel et al., 2006; Mittmann and Scholtz, 2003; Sharma et al., 2012b) and they block deuterocerebral segment identity in other body segments Brown et al., 2002; Hughes and Kaufman, 2000; Struhl, 1982a) . Therefore, this aspect of appendage identity specification appears to be conserved. Second, extensive overlap of the expression domains of exd/hth and Dll in the deuterocerebral appendage is not conserved across arthropods. As in the Drosophila antennal disc, extensive overlap in the expression domains of these genes is found during embryogenesis in the chelicera of spiders (Abzhanov and Kaufman, 2000; Pechmann and Prpic, 2009; Prpic and Damen, 2004; , the harvestman Phalangium opilio (Sharma et al., 2012a) , and the mite Archegozetes longisetosus (Barnett and Thomas, 2013) and the antenna of the insects Oncopeltus fasciatus (Angelini and Kaufman, 2004) and Tribolium castaneum (Jockusch et al., 2004) . On the other hand, there exist discrete expression domains of these genes during development of the antenna of the millipede Glomeris marginata (Prpic and Tautz, 2003) and the orthopteran insects Gryllus bimaculatus Ronco et al., 2008) , Acheta domesticus (Abzhanov and Kaufman, 2000) and Schistocerca americana (Jockusch et al., 2004) . In these species, the expression of hth/exd and Dll in the antenna resembles its expression in the legs. Discrete expression domains of exd/hth and Dll exist in legs during embryogenesis of all arthropods investigated Barnett and Thomas, 2013; Jockusch et al., 2004; Prpic and Damen, 2004; Sharma et al., 2012a) . It has been proposed that the Drosophila-like expression patterns of exd/hth and Dll found in the deuterocerebral appendages of some insects and chelicerates may not be ancestral but rather may have resulted from independent evolution of reduced appendages composed of fewer articles in some of these taxa Damen, 2004, 2008) .
Compared to expression data, a phylogenetically more limited sample of functional data for exd, hth, Dll, and ss are available. Two cases match predictions based on the Drosophila model of antennal identity specification, supporting conservation. First, RNA interference (RNAi) targeting either hth or exd in the cricket G. bimaculatus results in transformation of the antenna to leg Ronco et al., 2008) . Second, ss specifies flagellum (distal antenna) identity in T. castaneum during embryogenesis, metamorphosis, and regeneration (Angelini et al., 2009; Lee et al., 2013; Shippy et al., 2009; Toegel et al., 2009 ). However, in beetles, the roles of hth and Dll in antennal identity specification are less clear (Angelini et al., 2009; Moczek and Rose, 2009; Suzuki et al., 2009) . Suzuki et al. (2009) reported transformations of the antenna to leg in response to larval Dll RNAi in T. castaneum. However, Angelini et al. (2009) did not find evidence of antenna-to-leg transformations in response to either larval Dll RNAi or hth RNAi. In this case, Dll RNAi resulted in truncation of the antenna and hth RNAi resulted in deletions of and fusions among proximal antennal articles. Functional data for exd in beetles were previously unavailable.
Here, we test the Drosophila model of antennal identity specification and models of arthropod appendage evolution using RNAi in T. castaneum. In order to determine the generality of interspecific differences in loss of function phenotypes for hth and exd, we expanded our RNAi investigations to include three additional flour beetle species: T. confusum, T. brevicornis, and Latheticus oryzae. Our results reveal that hth and exd are required proximally to specify both antennal identity and podomere identity in the proximal two antennal podomeres, the scape and pedicel, during flour beetle metamorphosis. However, these genes are not required for specification of the flagellum at metamorphosis. These results support a model of antennal metamorphosis in which hth/exd specify proximal antennal identity while Dll and ss specify distal antennal identity. This model differs from the model of antenna specification based on early instar Drosophila, but matches the model for late instar Drosophila, suggesting that the metamorphic antennal specification mechanism of flour beetles may be ancestral for Holometabola.
Results

Adult antennal and leg morphology
The adult insect antenna is composed of two proximal articles, the scape (a1 in Drosophila) and pedicel (a2 in Drosophila) and a distal flagellum (a3-arista in Drosophila). The composition of the flagellum varies across taxa. In T. castaneum and most other beetle species, the adult flagellum has nine articles ( Fig. 1E-L) . The adult flagellum is further regionalized into proximal funicle articles and somewhat larger distal club articles in our focal species (Fig. 1E-L) . Club articles are dorsoventrally flattened compared to more proximal antennal articles. At the adult stage, flour beetle species have different antennal regionalization patterns. The flagellum of L. oryzae, T. confusum, and T. brevicornis has five club segments, while T. castaneum exhibits a derived flagellar morphology with a threesegmented club (Sokoloff, 1972) (Fig. 1E-L) . Across species, variation is also apparent in bristle and basiconic sensillum number and distribution, and how distinctly abrupt the funicle-club transition appears (Sokoloff, 1972) . There are also differences in the shape of flagellar articles between species. For example, the first flagellar article of T. brevicornis and T. confusum has a noticeable basal constriction ( Fig. 1F and H ). This feature is absent from T. castaneum and L. oryzae ( Fig. 1E and G). The adult insect legs are composed of six segments: the coxa, trochanter, femur, tibia, tarsus, which is annulated, and pretarsus ( Fig. 1M-P) . Unique features of leg morphology used to diagnose antenna to leg transformations include the flexible hinge joint between the femur and tibia, a pair of spurs and ring of short, stout setae at the ventral apex of the tibia, and the paired pretarsal claws.
Molecular analysis
Genes were chosen for this investigation based on evidence that they play antennal specification roles in D. melanogaster (Table 1) . ss was cloned only from T. castaneum. Orthologues of hth, exd, and Dll were cloned from three or four species. As expected, given the close relationship among the flour beetles of this study, nucleotide and predicted amino acid sequences were highly conserved (Table 1) . We failed to clone an hth orthologue from T. brevicornis or a Dll orthologue from L. oryzae. In these cases, double-stranded RNA (dsRNA) produced from T. castaneum clones was used to investigate hth function in T. brevicornis and Dll function in L. oryzae. This approach yielded highly penetrant phenotypes ( Table 2 ) that matched phenotypes from T. castaneum and other flour beetle species (Section 2.3 and 2.4).
2.3.
Metamorphic Dll and ss RNAi phenotypes
As previously reported (Angelini et al., 2009; Shippy et al., 2009; Toegel et al., 2009) , T. castaneum ss larval RNAi led to transformations of the adult flagellum toward leg identity, but did not affect the morphology of the scape or pedicel ( Fig. 2A-C) . The most severely affected specimens showed the presence of both a claw and a tibial spur (Fig. 2C) , resembling T. castaneum ss mutants . In all appendages, Dll RNAi resulted in reduction of growth and loss of normal segmentation patterns. In the leg, the tarsus was almost completely deleted and there was no evidence of claws ( Fig. 2D-F , lower panels). Antennal morphology was so disrupted that in most cases it was difficult to assign an identity to antennal elements ( Fig. 2D-F, upper panels) . In addition, we also recovered clear antenna to leg transformations (Fig. 2F ), evidenced by a tarsal claw on the distal antenna (Table 2) ; similar transformations were reported by Suzuki et al. (2009) . Claws were present on both antennae in one of five specimens exhibiting homeotic transformation. Dll RNAi also caused severely truncated and malformed appendages in the other species ( Fig. 2G-I ), but no clear homeosis. Antenna to leg transformations were probably recovered at such a low frequency with Dll RNAi because Dll RNAi normally causes deletions of tarsal claws and other leg components that unambiguously signal leg identity. This likely explains why antennal transformations were not found in our earlier study of T. castaneum (Angelini et al., 2009) or in the other species of this study.
Metamorphic exd and hth RNAi phenotypes
As expected, given the co-dependence of Hth and Exd for nuclear localization, exd and hth RNAi resulted in largely overlapping phenotypes for all species in this study. The range of phenotypic severities was similar for metamorphic hth and exd RNAi in T. castaneum. In severely affected specimens, the scape and pedicel were altered in size and shape, suggesting homeotic transformations to femur and tibia, respectively (Fig. 3D and G) . This transformation included the following changes: denser leg-like bristle patterns on the scape and pedicel; the scape became much larger with flatter lateral surfaces, like the femur; the articulation between the scape and pedicel resembled the hinge joint characteristic of the femur-tibia joint; and the pedicel became elongate and tapered Angelini and Jockusch (2008) . The topology of this tree suggests that the genus Tribolium is paraphyletic. Abbreviations: ant, antenna; c, coxa; fe, femur; fl, flagellum; k, knob; p, pedicel; s, scape; T, thoracic segment; ta, tarsus; tc, tarsal claw; ti, tibia; tr, trochanter; sp, tibial spur.
proximally, like the tibia (compare Fig. 1A and D). Even in more mildly affected specimens, the scape and pedicel were larger and more elongate than in wild type or GFP RNAi control specimens and had higher bristle density, suggesting a transformation toward leg identity (Fig. 3B , C, E and F). These results differ from our earlier study, in which hth RNAi Table 2 -Results of larval RNAi experiments. Phenotypic penetrance was calculated by dividing the number of adult beetles showing abnormal phenotypes for an RNAi treatment by the number scored for that treatment. In cases where the sample size is different than the number of specimens scored, we provide the sample size in parentheses. The other appendages scored are the maxillae, labium, and legs. Antennal homeosis shows the frequency of transformations of the antenna to leg. Eye homeosis shows the frequency of transformations of the eye. Abbreviation: bp, base pairs.
Species
Gene dsRNA size (bp) * We recovered appendages with minor fusions with GFP RNAi controls at very low frequency. Phenotypic abnormalities of this degree are distinct from RNAi phenotypes and are found at low frequencies in unmanipulated beetle cultures. ** T. castaneum dsRNA constructs were used for these treatments. did not lead to obvious transformations of the antenna (Angelini et al., 2009) . These different results could be due to the fact that we injected larvae at an earlier stage for this study than in our previous study (Section 4.3). The flagellar articles always retained antennal identity. As in our previous study, fusions between proximal flagellum articles occurred in severely affected hth RNAi specimens ( Fig. 3F and G), and this phenotype was also observed in response to exd RNAi (Fig. 3D) . In less severely affected specimens with proximal transformations, the flagellum was normal (Fig. 3B , C and E).
Similar results were found for both exd and hth RNAi for the other species of this study, and suggest a role for these genes in specifying the identity of the proximal antenna (scape and pedicel). In T. confusum ( Fig. 3H and I ) and L. oryzae ( Fig. 3J and K) , the most severe transformations were of similar magnitude between hth and exd RNAi. In T. brevicornis, exd RNAi led to more severe transformations than hth RNAi, including an almost complete transformation of the scape to femur identity ( Fig. 3L and M) . In all species, distal elements of the flagellum were the least sensitive to RNAi, while Dll RNAi results in loss of segmentation and truncation of both the antennae and legs. The antennae are so severely affected that in many cases it is unclear if flagellar structures retain antennal identity (red arrowheads). Some T. castaneum specimens show claws on the antennae, suggesting a role for Dll in antennal identity specification. In all species, Dll RNAi results in misshapen leg segments, including shortening of the femur and tibia, and truncation of the tarsus. Abbreviations: brv, T. brevicornis; cnf, T. confusum; cst, T. castaneum; ory, L. oryzae. Other abbreviations are as in Fig. 1. proximal flagellar articles were often fused, but did not appear to be transformed.
exd and hth RNAi both resulted in additional anterior head phenotypes. Two anterior head sclerites, the gena and clypeus, were deleted in the most severely affected specimens of all species. For exd and hth RNAi treatments, all species also showed marked reductions in the number of ommatidia in the eyes, consistent with the role of hth in promoting cell proliferation in the Drosophila antennal-eye disc (Bessa et al., 2002; Lopes and Casares, 2010) . Additionally, in severely affected Tribolium specimens, the ventral eye lobe lacked ommatidia and was instead transformed into a dorsoventrally flattened cuticular outgrowth, which tapered distally (Fig. 4D-I) . The wrinkled appearance of these structures closely resembled the appearance of elytra of recently molted adults. This phenotype was not observed in L. oryzae.
We used scanning electron microscopy (SEM) to more closely examine the microstructure of T. confusum hth RNAi specimens. Regular hexagonally-shaped cuticle cells were present on both the elytron of a GFP RNAi specimen and the transformed eyes of an hth RNAi specimen (Fig. 4K and L) , while cuticle cells of the head capsule of a GFP RNAi specimen were hexagonal, but stretched laterally (Fig. 4J) . The pits of sensory bristles on both the elytron of the GFP RNAi specimen and the cuticular outgrowths resulting from hth RNAi were shallow with circular, flat bases ( Fig. 4K and L) . In contrast, sensory pits on the head capsule of the GFP RNAi specimen were deeper and did not have flat circular bases (Fig. 4J) . We also investigated the morphology of cells and sensory bristle pits of thoracic and abdominal sternites and podomeres of the legs in a T. confusum GFP RNAi specimen (Supplementary Fig. 1 ). Microanatomies in these regions did not resemble those of the elytra or transformed eyes of T. confusum RNAi specimens. These results are consistent with the transformation of the ventral eye towards an elytron-like identity in response to either hth or exd larval RNAi in Tribolium beetles.
Discussion
Flour beetles are an exceptional system for investigations into the evolution of developmental processes. The four species used in this study, all of which are in the family Tenebrionidae, are amenable to RNAi and easily reared in the lab. Here we also demonstrate the feasibility of heterospecific knockdown in gene function using dsRNA based on T. castaneum sequences. For example, we recovered deletions of distal appendages with T. castaneum Dll dsRNA in L. oryzae, as well as transformations of the proximal antennae with T. castaneum hth dsRNA in T. brevicornis. Beetles also develop appendages during both embryogenesis and metamorphosis, enabling comparisons between appendage patterning processes during these two stages. The utility of these methods and the diversity of antenna, eye and other morphologies in these beetles (Fig. 1) makes the group an attractive system for investigating the developmental underpinnings of morphological diversity and its evolution.
Below, we compare antennal identity specification in flour beetles, Drosophila and other insects. These phylogenetically informative comparisons reveal conserved and divergent aspects of specification of adult antennae in flour beetles. We also use these data to test the predictions of several hypotheses for the evolution of arthropod appendages. Finally, we present a model to explain the hypothesized eye-elytron transformation observed in response to hth/exd RNAi. This transformation is surprising from an evolutionary perspective, since these structures are not serially homologous, but less surprising in light of developmental considerations.
3.1.
Antennal specification mechanisms are conserved between metamorphic flour beetles and late instar flies Holometabola, which include both beetles and flies, accounts for 83% of insect diversity (Grimaldi and Engel, 2005) . In most holometabolous insect orders, the antennae and other ventral appendages develop during embryogenesis, and are later remodeled during metamorphosis to produce adult appendages that differ morphologically from their larval precursors (Svacha, 1992) . This ontogeny is ancestral for Holometabola and is retained in flour beetles. In Drosophila and other higher flies, imaginal discs are set aside during embryogenesis, and larvae lack appendages. It is the discs, rather than larval appendages, that give rise to adult appendages. Although it is unclear how the ontogeny of imaginal discs aligns with appendage ontogeny in insects with less derived development, the extensive knowledge of development in Drosophila provides a tractable starting point for exploration of antennal identity specification in other insects.
The earliest model of antennal identity specification in Drosophila identified hth and exd as antennal selector genes because loss of either gene caused transformation of the complete antenna to leg (Casares and Mann, 1998) ; recent research has revealed that the roles of these genes in antennal identity specification are more dynamic than previously appreciated. For example, initially hth and exd are expressed throughout the antennal primordium, but high expression of hth is restricted to the first two antennal segments in the 3rd (final) larval instar (Emmons et al., 2007) . In accordance with the dynamic expression of hth during the larval period, Hth/Exd are only required for activation of the antennal selector gene ss during the 2nd instar (Emmons et al., 2007) . Inducing mutations in hth after this period results in transformations of the proximal antenna (scape and pedicel, known as a1 and a2 in the Drosophila literature) to leg but has no effect on ss expression or the identity of distal antennal structures (i.e., the flagellum). In contrast to its transient requirement for Hth/Exd, ss expression requires Dll throughout the 2nd and 3rd instars, and ss and Dll continue to specify distal antennal identity throughout this period (Emmons et al., 2007; summarized in Fig. 5B and C) .
As in most holometabolous insects, but not Drosophila, the adult flour beetle antenna emerges from the larval antenna during metamorphosis, raising the question of whether Drosophila-like antennal identity specification mechanisms specify the adult antenna in flour beetles. Disrupting either ss or Dll in T. castaneum during metamorphosis resulted in transformation of the flagellum toward leg identity ( Fig. 2A-C and F) . These results suggest that the roles of ss and Dll in flagellar identity specification are conserved between Tribolium and Drosophila. Although flagellar identity also requires hth/exd in Drosophila, we found no evidence for such a requirement in T. castaneum. Instead the function of hth and exd was restricted to proximal regions. Targeting these genes with RNAi during metamorphosis in T. castaneum caused the scape and pedicel to be transformed toward leg, but did not affect flagellum identity (Fig. 2) . This suggests that ss does not require hth/ exd for activation during identity specification of the adult antenna in this species (Fig. 5A) . We tested the generality of this result in three other beetle species. As in T. castaneum, targeting hth or exd with RNAi in the other species resulted in transformations of the scape and pedicel to leg but did not cause flagellum-to-leg transformations.
During both T. castaneum metamorphosis and the Drosophila 3rd instar, hth/exd specify proximal antennal identity while Dll and ss specify distal antennal identity ( Fig. 5A and C) . The similar functions of these genes likely reflect the conservation of an ancestral metamorphic antennal identity specification mechanism. Within holometabolous insects, antennal morphology is incredibly variable. Even among closely related flour beetle species, there is conspicuous variation in antennal morphologies. Our results suggest that the diversity of adult antennal morphologies in holometabolous insects is underlain by a highly conserved antennal identity specification mechanism.
Although aspects of antennal identity specification are conserved, there was no evidence for a requirement for hth and exd distally at metamorphosis in Tribolium, in contrast to the requirement for these genes distally during early antennal imaginal disc patterning in Drosophila. One possible explanation for this difference is that appendage development in 2nd instar discs is homologous to appendage development at a stage prior to metamorphosis in Tribolium. If so, we would predict that hth and exd are required for distal antennal identity specification at some earlier stage in Tribolium. The functions of hth and exd during embryogenesis have not been described for T. castaneum, but they have been assayed in the cricket G. bimaculatus, a hemimetabolous insect. RNAimediated knockdown of these genes does result in transformations of the flagellum to leg in this species Ronco et al., 2008) . Therefore, it is possible that hth and exd are required for specification of distal antennal identity during embryogenesis in insects, but only for proximal identity during metamorphosis in holometabolous insects. Under this hypothesis, the Drosophila antenna is specified in imaginal discs sequentially by the ancestral embryonic ( Fig. 5B; early instars) and then metamorphic ( Fig. 5C ; 3rd instar) antennal specification mechanisms. Further studies of embryonic antennal identity specification should be performed to test whether there are conserved differences in the requirement of hth/exd for ss activation between insect embryogenesis and metamorphosis. Such studies may also give insight into the evolutionary origin of the holometabolous life cycle.
3.2.
hth and exd specify both appendage identity and proximodistal axis identity in the antenna during metamorphosis Although exd and hth RNAi treatments in flour beetles caused transformation of the proximal antenna to leg identity, the proximal antenna was not transformed to the serially homologous leg podomeres. Instead, the scape and pedicel, which are serially homologous to the coxa and trochanter (Snodgrass, 1935) , were transformed to femur and tibia. This may seem surprising, given the evolutionary relationship of these podomeres and the fact that these transformations have not been reported in studies of Drosophila hth or exd loss-offunction mutants Mann, 1998, 2001; GonzalezCrespo and Morata, 1995; Rauskolb et al., 1995) . In Drosophila loss-of-function phenotypes for these genes, the antenna and leg are transformed to identical two-segmented appendages that include a single proximal podomere, which retains proximodistal axis patterning and represents the coxa, trochanter, femur and tibia, and a distal tarsus (Casares and Mann, 2001 ). However, our results are consistent with the functions of these genes in T. castaneum leg patterning. We previously showed that hth RNAi causes the coxa and trochanter to adopt distal leg podomere identities but did not cause fusions between segments (Angelini et al., 2012b) . We have recovered similar transformations with T. castaneum exd RNAi, including specimens that exhibited tibial spurs on the trochanter, and with exd or hth RNAi in the other species of this study (data not shown). These results suggest that, in the legs, hth and exd are required to specify proximal identities. Therefore, hth RNAi and exd RNAi cause transformation of the scape and pedicel to femur and tibia, rather than coxa and trochanter, because the coxa and trochanter are transformed toward femur and tibia identity in response to loss of these gene functions. In other words, the proximal two antennal podomeres do adopt the identity of the proximal two leg podomeres in these RNAi treatments, consistent with expectations based on serial homology of the scape and pedicel with the coxa and trochanter. This suggests that, in T. castaneum and other flour beetles, exd and hth play two distinct identity specification roles in the antenna: they are required to impart antennal identity to the scape and pedicel, while simultaneously imparting proximal appendage identities to these podomeres.
3.3.
Models for the evolution of serially homologous appendage types Two developmental models for the evolution of arthropod appendage types have previously been presented. In the first model, new appendage identities and morphologies appear by the evolution of novel selector gene expression in a subset of appendages (Casares and Mann, 1998; Duncan et al., 1998; Joulia et al., 2006) . In Drosophila hth mutants, the antenna is transformed to a two-segmented leg with a single proximal podomere and a distal tarsus, and Casares and Mann (2001) suggested that this phenotype represents both the developmental and evolutionary ground state of the arthropod appendage. In other words, modifications of this appendage morphology are accomplished in development and were brought about in evolution by the addition of selector genes to developmental pathways (Casares and Mann, 1998; Duncan et al., 1998; Joulia et al., 2006) . Under this model, ancestral appendage morphologies can be produced in extant insects by interfering with the activity of selector genes.
The second model accounts for the fact that selector genes, like hth and exd, can also play generic appendage patterning roles, such as regulating appendage growth and joint formation (Herke et al., 2005; Prpic and Damen, 2008) . In this model, the generic patterning roles of these genes predate their selector function, and generic patterning and selector functions evolve independently. Under this model, loss of selector gene activity would not result in the production of ancestral insect or arthropod morphologies, because the generic ancestral patterning roles of these genes would also be compromised. This view suggests that even if the two-segment morphology of Drosophila hth antenna represents a developmental ground state, it is unlikely to represent an ancestral appendage morphology.
Our results support the second model for the evolution of distinct appendage morphologies. In Drosophila hth mutants, appendages are reduced because the proximal podomeres are fused into a single proximal article (Casares and Mann, 2001) . Similar fusion and reduction of appendages were reported for hth and exd RNAi in Gryllus Ronco et al., 2008) and for hth RNAi in Oncopeltus (Angelini and Kaufman, 2004) , suggesting that hth/exd played a role in promoting growth and joint formation ancestrally in insect appendages. However, during flour beetle metamorphosis, proximal antennal and leg podomeres actually become enlarged in response to hth/exd RNAi ( Fig. 3 ; Angelini et al., 2012a,b) , as a consequence of their transformation toward more distal appendage identity. These results suggest that generic appendage patterning functions of these genes can evolve unique properties in different lineages.
Generic appendage patterning functions continue to evolve in insects, even in cases in which both appendage identity and morphology appear conserved. For example, because appendage segments are not lost, the developmental ''ground state'' morphology of flour beetle appendages has clearly diverged from that of other insects. Furthermore, some appendage patterning mechanisms predate the origin of the arthropods. For example, hth/exd and Dll show ''leg gap''-like expression patterns in the appendages of Onychophora (Janssen et al., 2010; Panganiban et al., 1997) , which diverged from the arthropods before the evolution of jointed appendages and the heteronomous appendage condition of arthropods (Campbell et al., 2011; Legg et al., 2012) . For these reasons, a genetic loss-of-function phenotype in any insect is unlikely to reproduce the morphology of an arthropod ancestor.
3.4.
hth and exd are required for eye specification during metamorphosis in Tribolium, and may block elytron identity
The eyes of flour beetles were reduced in size in response to either exd or hth RNAi. Interference with hth function causes reduced eyes in both Drosophila (Bessa et al., 2002; Lopes and Casares, 2010) and the horned beetle Onthophagus taurus (Moczek and Rose, 2009) , suggesting that promoting proliferation of primordial eye cells during metamorphosis is an ancestral function of hth/exd. RNAi targeting either hth or exd in Tribolium species also resulted in transformations of the eye (Fig. 4) ; such transformations have not been reported for Drosophila or other insects for which functional data are available. The winglet-like shape of the transformed eyes, the shape of the cells comprising these structures, and the morphology of their bristle bases suggest that these structures represent transformations of eyes to elytra. On the other hand, these structures did not develop proximal hinge joints, which would provide unambiguous morphological evidence for the elytron-identity hypothesis. However, the lack of hinge joints does not rule out an elytron identity. For example, the Hox gene Sex combs reduced (Scr) blocks elytron development in the prothorax in T. castaneum (Tomoyasu et al., 2005) , but some Scr loss-of-function mutants exhibit only a partial transformation, with bud-like outgrowths that lack hinge joints, rather than fully formed elytra, developing on the prothorax (Beeman et al., 1989) . Likewise, the lack of hinge joints associated with the transformed eye of Tribolium hth RNAi and exd RNAi specimens may reflect an incomplete transformation of the eye to elytron.
Another potential argument against the elytron identity interpretation of the transformed eyes of Tribolium hth RNAi and exd RNAi specimens is that elytra and eyes are not serially homologous, so it is unlikely that the primordia of either structure are competent to produce the other. However, it is plausible that there are homologous mechanisms underlying the development of the primordia producing these structures that make transdetermination of eye primodia possible, even though the eyes and elytra of adult beetles are not homologous. One feature of holometaboly may make such a developmental similarity more likely: the evolution of holometaboly involved the developmental suppression of both the compound eyes and wings during embryonic and larval stages. Ancestrally in holometabolous insects, the development of both of these structures commenced just prior to metamorphosis, as it does in Tribolium.
Our hypothesis of an eye-to-elytron transformation is consistent with other aspects of the patterning processes of the wing and compound eye primordia in holometabolous insects. Both eyes and elytra develop without Hox expression. In T. castaneum wing primordia, elytron identity is the default state, and emerges without input from Hox genes, while membranous wing identity requires expression of the Hox gene Ultrabithorax (Ubx; Tomoyasu et al., 2005) . In T. castaneum, and all other arthropods, Hox genes are not expressed in the protocerebral segment where eyes develop (Hughes and Kaufman, 2002) . In contrast to its role promoting proliferation in eye primordia, hth may have had an ancestral role blocking wing development in Holometabola. In Drosophila, hth expression is down-regulated in wing discs relative to the body wall, and ectopic expression of hth in the wing disc results in reduction of the wing blade (Azpiazu and Morata, 2000; Casares and Mann, 2000) , suggesting that hth represses wing development. hth expression in T. castaneum is also down-regulated in both mesothoracic (elytra) and metathoracic (membranous) wing primordia relative to the body wall (Tomoyasu et al., 2009) .
Our model to explain the hypothesized eye-to-elytron transformation posits that during normal development in Tribolium, expression of hth and exd in the eye primordia plays an active role in blocking wing identity in this Hox-less dorsal tissue. Therefore, RNAi targeting hth or exd results in the activation of wing patterning processes in the eye primordia. Because Ubx is not expressed in the eye primodium, the ectopic wings adopt elytron identity rather than membranous wing identity. While our morphological investigation supports shared identity of the transformed eyes and elytra, the elytron identity hypothesis should be further tested by investigating the expression levels of wing/elytron markers, such as ventral veins lacking and nubbin (Tomoyasu et al., 2009 ) in transformed eyes of hth/exd RNAi specimens.
4.
Experimental procedures
Beetle husbandry
Tribolium castaneum was obtained from Carolina Biological Supply Company; T. confusum, T. brevicornis and L. oryzae were obtained from the USDA Stock Center (Manhattan, Kansas). Beetles were reared in mason jars on a 9:1 mixture of organic whole wheat pastry flour and nutritional yeast (Sokoloff, 1972) . Tribolium brevicornis was cultured at room temperature. The other species were cultured at 32°C. Roughly once a month, flour in the culture jars was replaced and excess beetles were removed to prevent overcrowding.
4.2.
Selection, molecular cloning, and sequencing of candidate genes Total RNA was collected using a PureLink RNA Mini Kit (Ambion). An oligo-dT primer and qScript Flex cDNA Synthesis Kit (Quanta Bioscience) were used to make cDNA. Genes were amplified from cDNA using regular or semi-degenerate primers (Supplementary Table 1 ) designed from sequence data available for T. castaneum. PCR products were either cloned directly or purified using a Nucleospin extract II kit (Macherey-Nagel) and subsequently cloned into the pCR4-TOPO vector (Invitrogen). Clone inserts were amplified with vector primers and then sequenced on an Applied Biosystems 3130xl Genetic Analyzer using Big Dye v1.1. Sequences were blasted against the T. castaneum nucleotide collection (nr/nt) to confirm identity. After confirmation of nucleotide sequence identity, amino acid sequences were predicted using the Translate DNA to Protein function in Mesquite (Maddison and Maddison, 2011) .
RNA interference
Target gene fragments were amplified with PCR from clones using gene-specific primers designed with T7 RNA polymerase promoter sites added to the 5 0 end (Supplementary Table 1 ). Each resulting PCR product was used as a template for in vitro transcription using the MEGAscript T7 transcription kit (Ambion) following the procedure of Tomoyasu and Denell (2004) . Twenty microlitre reactions were incubated at 37°C for 16 h. dsRNA was purified by precipitation in ammonium acetate and ethanol and resuspended in nuclease-free water. Stocks of dsRNA were prepared at 0.01-1.00 lg/ll (Table 2) in 1:20 McCormick green food coloring and 1:100 injection buffer (0.1 mM sodium phosphate, 5.0 mM KCl, 1:10 green food coloring). We performed larval RNAi (Posnien et al., 2009; Tomoyasu and Denell, 2004) to investigate the antennal specification function of candidate genes during metamorphosis ( Table 2) . Injections of GFP dsRNA acted as a negative control for RNAi experiments. We injected late stage larvae, as suggested by Posnien et al. (2009) ; this is earlier than the prepupal stage that was injected in our previous investigation (Angelini et al., 2009) . We previously validated RNAi knockdown of T. castaneum Dll and hth with qRT-PCR (Angelini et al., 2012a) . Because hth and exd are co-dependent for developmental function (Rieckhof et al., 1997) , performing both hth and exd RNAi controls for off-target effects of the dsRNA fragments. Larvae were anesthetized by placing them in a 33 mm petri dish on ice for 5 min. Solutions of dsRNA were loaded into micropipets (VWR International 53432-783) that had been pulled on a Sutter Instrument Co. Model P-97 Flaming/Brown micropipette puller. Larvae were then placed on double-sided tape on a microscope slide and injected with 120 nl of dsRNA solution dorsally between the pro-and mesothoracic tergites under a Nikon SMZ645 dissecting scope using a microinjector. Injected larvae were then reared at 32°C in flour/yeast mix, and cultures were checked regularly for pupae. Pupae were removed and kept individually at 32°C. Individuals were monitored until eclosion or until they appeared dead, and were then prepared for scoring and imaging (Section 4.4).
Specimen preparation and imaging
Adult RNAi specimens were prepared following the protocol of Van der Meer (1977) . Briefly, specimens were soaked in 20% glycerol in acetic acid overnight at 50°C. Specimens were then rinsed with 20% glycerol in PB-tween (1· phosphate-buffered saline, 0.1% Tween20), while rocking gently for at least an hour. Specimens were stored in 80% glycerol in 1· PBtween at 4°C. For imaging, adult appendages were dissected off and mounted on slides in 80% glycerol in 1· PB-tween. Whole-mount adults were washed three times in 100% ethanol over a 24-h period to remove glycerol and then mounted on styrofoam with double-sided tape.
All light micrographs were taken with an Olympus digital camera. Light micrographs of whole-mount adults were taken on a Nikon SMZ800 dissecting microscope. All other light micrographs were taken on a Zeiss Axioskop compound microscope. In some cases, images were taken in multiple focal planes and the Auto-Blend Layers command in Adobe Photoshop was used to maximize the focal depth. For scanning electron microscopy (SEM), specimens were dehydrated with three washes of ethanol, then dehydrated in hexamethyldisilazane, and coated with gold-palladium. SEM images were taken on a Zeiss DSM982 Gemini field emission scanning electron microscope.
